. The phylogenetic distribution of ABO phenotypes and genotypes. Shown is a phylogenetic tree of primate species, with a summary of phenotypic/ genotypic information given in the first column, and the genetic basis for the A versus B phenotype provided in the second column (functionally important codons at positions 266 and 268 are in uppercase letters). See Dataset S1 for the source of information about phenotypes/genotypes. Only species with available divergence times are represented here (34 of 40). The phylogenetic tree is drawn to scale, with divergence times (on the x axis) in millions of years taken from ref. 29. OWM, Old World monkeys; NWM, New World monkeys. Under a model of convergent evolution, these data suggest that A is the ancestral allele, and a turnover (e.g., a neutral substitution) occurred on the branch leading to Old World monkeys. If instead, B were ancestral, all Old World monkeys would have had to serendipitously converge from ATG to TTG to encode a leucine, whereas all New World monkeys and hominoids would have had to converge to the CTG codon. 
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NEUROSCIENCE, PSYCHOLOGICAL AND COGNITIVE SCIENCES
Correction for "Sensory adaptation as optimal resource allocation," On page 4368, right column, third full paragraph, line 6 "in Fig. 2A " should instead appear as "in Fig. 2B ".
On page 4369, right column, second full paragraph, line 7 "in Fig. 2A " should instead appear as "in Fig. 3A" .
On page 4370, left column, fourth full paragraph, lines 1-3 " In  Fig. 4A , sensitivity changes are plotted for two speeds (Fig. 4A , Upper) and for the entire domain of the sensitivity function (Fig.  4A , Lower)" should instead appear as "In Fig. 4B , sensitivity changes are plotted for two speeds (Fig. 4B, Upper) and for the entire domain of the sensitivity function (Fig. 4B , Lower)".
On page 4372, left column, first full paragraph, line 3 "cortical visual area middle temporal (MT)" should instead appear as "middle temporal (MT) cortical visual area".
On page 4372, right column, second full paragraph, lines 2-3 "as illustrated in Fig The authors note the following: "Recalculations confirm some of the conclusions reported in our paper but do not confirm others. Specifically, we confirm that (i) polar surfaces can be hydrophobic, (ii) capillary evaporation can occur when water is confined between "polar hydrophobic" nanoscale surfaces, and (iii) inversion of surface polarity can alter the surface hydrophobicity (i.e., water contact angle). However, because of the sensitivity of the results to the value of the Ewald wave vector cutoff parameter m max for the model surface studied, the reported observation that adding polarity to an apolar silica-based surface can enhance hydrophobicity beyond that of the original apolar surface is not confirmed.
"We thank Zhonghan Hu for bringing to our attention discrepancies between his computer simulation results and some of our calculations reported in the above-cited PNAS paper; Richard C. We use atomistic computer simulation to explore the relationship between mesoscopic (liquid drop contact angle) and microscopic (surface atomic polarity) characteristics for water in contact with a model solid surface based on the structure of silica. We vary both the magnitude and direction of the solid surface polarity at the atomic scale and characterize the response of an aqueous interface in terms of the solvent molecular organization and contact angle. We show that when the topography and polarity of the surface act in concert with the asymmetric charge distribution of water, the hydrophobicity varies substantially and, further, can be maximal for a surface with significant polarity. The results suggest that patterning of a surface on several length scales, from atomic to m lengths, can make important independent contributions to macroscopic hydrophobicity.
computer simulation ͉ contact angle ͉ hydration ͉ surface patterning ͉ wetting T here exists a dichotomy between the usual macroscopic and molecular descriptions of solvation at interfaces. On a macroscopic thermodynamic level, assuming that the surface is homogeneous on the length scale of a test droplet, it is appropriate to focus on the contact angle between the liquid and the solid surface, and the corresponding interfacial tensions (1, 2). On a molecular scale, descriptions typically focus on the character of individual chemical groups that comprise the surface. Surface behavior is then traditionally categorized by chemists and biochemists as polar or nonpolar, and, in the important case when the contacting liquid is water, these descriptions are often equated to the two categories of ''hydrophilic'' and ''hydrophobic.'' Such designations play a central role in rationalizing a broad range of biochemical phenomena, including protein folding (3), protein-membrane interactions (4), and drug-receptor affinities (5) . In the area of protein characterization, it is further common to resolve these two categories of interface chemistry based on an assignment of each amino acid side chain to one of these two categories (4, 6) , although there are cases where these designations have been based on individual atomic groups (7). It is, of course, well recognized that the scale of hydrophobicity/ hydrophilicity is continuous, and a well-defined division between the two regimes is necessarily arbitrary. It is common practice to identify a macroscopic boundary between hydrophobic and hydrophilic behavior by the convention of a contact angle C of 90°. It has been pointed out, however, that nothing special happens at this particular value of C (8) . Evidence revealing the adsorption of water clusters on nominally hydrophobic surfaces shows that such appealing, but simple binary descriptions may be limiting for interpreting atmospheric chemistry, as well (9) .
At the same time, the development of ''designer'' patterned surfaces is an active area (10) . In particular, it is widely appreciated that the topography of a surface is important in determining the degree of surface hydrophobicity, with the so-called ''lotus effect'' (11) being one naturally occurring example. The lotus leaf is ''superhydrophobic'' ( C Ͼ 150°) due to a dense distribution of wax-coated protrusions separated on the m scale, so that the interstitial volumes do not wet and water droplets contact with a substantial area of air. This can be extended synthetically to patterns of holes, spikes, or grooves (12) . In fact, considerable technological progress in the development of superhydrophobic surfaces has been made by mimicking natural nanoscale roughness on synthetic surfaces (13, 14, 15) . Further, the impact of roughness on hydrophobicity extends down to features that are on the nanometer-scale: Such patterning can induce a substantial increase in hydrophobicity compared with a flat nonpolar surface, although it need not involve the ''dry'' regions characterizing the lotus effect (16, 17) . At the other extreme, superhydrophilic surfaces, with very small contact angles ( C Ͻ 10°), can be generated by a high density of polar surface groups (18) . Hence, controlled microstructure can be used to direct wettability over a wide range (19) .
In a hypothetical experiment with a liquid water droplet contacting a macroscopically homogeneous solid surface, as the liquid-solid contact area increased from nano-to microscales, and increasingly averaged over surface heterogeneities, one would expect that alternative measures of hydrophobicity would converge. However, a systematic understanding of the relationship between nanoscale hydration and such macroscale measures for real chemical surfaces remains undeveloped. Understanding the interplay between roughness and chemical character (i.e., molecular polarity) on the nanoscale is one important element toward this goal. Recent work from our labs (20) (21) (22) (23) has focused on the contributions of the two elements, surface topography and surface chemistry, at the atomic and nanoscales. We have shown, for example, that nanoscale chemical heterogeneity can produce local perturbations to the hydrophobicity of nanoscale apolar patches (22) , and that putative hydrophobic protein surfaces (20) manifest a markedly less hydrophobic signature when the native curved surfaces (24) are flattened. We have also shown for a model chemically detailed surface based on hydroxylated silica (23) that moderate polarity is completely compatible with a hydrophobic contact angle; when the surface polarity of hydroxylated silica is scaled to Ϸ40% or less of the natural value, the contact angle exceeds 90°. Very recently, Hua, Zangi, and Berne have investigated the wetting of model heterogeneous plates with patterned hydrophobic and hydrophilic sites, and the free energy of interaction between pairs of such surfaces (25) . These studies underscore the importance of a quantitative characterization of nanoscale heterogeneity by demonstrating that the length scale characterizing the size of surface hydrophobic patches is a key determinant of wetting behavior and of interaction free energies between surfaces.
In this article, we present the results of a study of the hydration of a simple, atomically detailed, model interface that includes both atomic-scale roughness and polarity and systematically vary the magnitude and orientation of the polarity. The atomic model used here is based on an earlier model (26) of an idealized crystalline SiO 2 structure (quartz, without any surface reconstruction); here, the atoms are nonpolar except for the surfaceexposed oxygen and its bonded nearest-neighbor Si atom, which have equal and opposite partial charges. With this high symmetry and periodic geometry, the solvation structure is readily analyzed. We investigate the roles of the magnitude and orientation of the surface polarity on the solvent energetic and spatial distributions, and on the water contact angle. Since the asymmetric charge distribution in the water molecule itself can substantially influence the relative strength of interaction of water with positive compared with negative charges (27) , one cannot a priori predict the influence of polarity reversal on the solvation structure. We find that the response to polarity inversion is, in fact, highly asymmetric.
This article is organized as follows. We first present the essentials of the model system, and then we turn to a detailed analysis of solvent density and orientational response to surface polarity. The results are interpreted in terms of the solid surface structure and the electrostatic forces due to the surface partial charges. The Discussion considers the impact of the results and speculates on the potential implications for real surfaces, which includes the possibility of patterning on multiple length scales. The Methods used are outlined in more detail in the final section.
Model and Primary Observations
In previous work (23), we performed computer simulations of water confined by walls with the structure and chemistry (hydroxylated silica) shown in Fig. 1 . We explored the effects on water structure and surface hydrophobicity when the magnitude of the surface polarity was continuously varied (by rescaling the hydroxylated silica model partial charges by a constant k, 0 Յ k Յ 1). As explained in ref. 23 , the surface polarity is defined by the dipole vectors p SiO and p OH associated with each surface SiOH group. In the present article, we examine the impact of polarity orientation using a simpler, more easily visualized, interface model. The surfaces here are also based on plates with the atomic structure of silica, with no hydroxylation, but retain polarity in the surface ''Si-O'' bond and only in that bond. As a reference value for the polarity p, we use the value of p for the SiO bond in SiOH, p 0 ϭ p SiO ϭ 0.0470 e-nm, for which the partial charges have the values Ϯ 0.31e. In addition to the previous results for the hydroxylated surface, we consider the five cases* with a surface SiO dipole p in the range 2p 0 Ն p Ն Ϫ2p 0 , in increments of p 0 . The details of the simulations are described in the Methods section.
To see the phenomenon that is the main topic of this report, we start by considering the cases where the surface polarity is inverted from that characteristic of silica. The corresponding water droplet profiles are shown in Fig. 2A . Water contact angles C for p ϭ 0, Ϫp 0 , Ϫ2p 0 are 108°, 127°, and 121°, respectively. A dipole perpendicular to the surface, with the positive charge end pointing into the droplet enhances the surface hydrophobicity even when that dipole moment is substantial (Ϫ2p 0 corresponds to partial charges of Ϯ 0.62e; the H atom partial charge in the SPC/E water model is 0.4238e). From a bulk simulation of water in a slab geometry adjacent to the same surfaces (23), we extract for the proximal layer of water near the surface, the distribution of the four tetrahedral water hydrogen bonding directions, P( HB ), with respect to the outward pointing surface normal. s the surface polarity was decreased toward apolar. In a recent work (29) , the contact angle of water in contact with a graphite (apolar) surface in the presence of an external electric field has been studied by simulations with the same water model (SPC/E) as used here. In that work, it was found that the contact angle is sensitive to the magnitude and direction of an external electric *This is done by re-defining the charges of the SiOH group. For example, when only the SiO dipole component of the SiOH group dipole is left (i.e., p ϭ p 0 ), the charge of the H is fixed to zero, and the O charge is equal to minus the Si charge. field. However, in ref. 29 , the contact angle is largest (for a field aligned perpendicular to the surface) when the external electric field is zero, suggesting that the atomic topography of the present surface plays a role here.
Hydration Analysis
To understand this result more completely, we consider, first, the water molecule orientational distribution in more detail. The hydrogen-bond vector distribution shown in Fig. 3 includes separately the distributions obtained when only the directions associated with water OH bonds and O-lone-electron pair directions (Oe) are used, and we include the distributions obtained for hydroxylated silica (23) . For the most polar of the model surfaces (SiOH and 2p 0 ), the preference for OH bonds to hydrogen bond to the surface oxygens is clearly shown by the peak at 120 o , which also indicates that the water sits in a threefold site between oxygens. For the SiOH, the surface site can be either donor or acceptor, so that the Oe direction behaves similarly to OH, while for the simpler 2p 0 model surface, the polarities are distinct, with Oe preferring to point outward. It is clear that the p 0 surface is simply a weaker version of 2p 0 . When the polarity is reversed, the result is not simply to reverse the roles of each solvent component. The fact that water is asymmetric in its charge distribution, with a localization of the positive partial charge near the H atoms, but a broadly delocalized net negative charge distribution in the ''lone-pair'' region is well appreciated in the interpretation of ion solvation (27) and the polarization of the water vapor-liquid interface (30, 31) . Hence, a lack of symmetry is not completely surprising. What is more notable, however, is the fact that the nonpolar case shows a distinct asymmetry, and it is the Ϫp 0 case that manifests the most charge symmetry in the water orientational distribution. It is also this Ϫp 0 case that displays the maximum contact angle among the set. We note that examination of the dipole moment orientational profiles (data not shown) reflects the same trends with respect to polarity, with the Ϫp 0 case showing the least net dipole polarization in the proximal solvent layer. The watersurface interaction energy (see SI) tracks these results as well, with the Ϫp 0 case exhibiting only a small net attraction for the surface, comparable to that for the apolar case, and approximately one-third as negative as in the ϩp 0 case. We note that Fig. 3 shows that for a wall with the present patterned atomic structure, there is a tendency, in the absence of surface-induced electrostatic fields [panel labeled (0)], for the solvent to orient with a net preference for an OH bond directed at the surface, as reported earlier (23) . This is necessarily a result of optimizing the water-water hydrogen bonding around the structured surface, and not to short-ranged steric forces, since the water model is based on an oxygen atom-centered, spherical, nonelectrostatic, short-ranged potential. We will come back to this fact below. Fig. 4 shows the radial distribution functions (RDFs) between the oxygen atoms of the surface silanol groups (OЈ) and water H and O atoms. It is clear from the OЈO distributions that, consistent with the orientational results, the 2p 0 surface is nearly as well hydrated as the reference hydroxylated silica. In the p 0 case, the hydration is shifted slightly to longer distance and the proximal solvent densities have smaller intensity, indicating a reduced preference, all in accord with expectations. However, reversing the polarity does not simply reverse the orientation of the solvent. In the Ϫp 0 case, with the surface ''oxygen'' now carrying a modest positive charge, the solvent oxygen is shifted to even larger distance, and the hydrogen distribution has an undistinguished character indicative of little orientational preference. Only with the increase of surface polarity to Ϫ2p 0 does one see the onset of a distinct inversion of solvent orientation and the onset of shortening of the OЈO distance due to the attractive polar forces, but even in this case, the hydration is evidently much weaker than for the ϩp 0 case (see Fig. 4 and SI).
Surface Wetting
The results discussed so far largely involve quantities averaged over slabs parallel to the wall. However, these quantities do not give information on how water molecules locate laterally with respect to the surface. Since the surface is structured and not atomically flat, one expects that there will be lateral structural features as well. Specifically, one expects heterogeneity in the local density (see, e.g., ref. 22 ) that correlates with the structure of the solid surface, i.e., with the location of the SiO 4 groups. To gain insight into the effect of the wall structure on the interfacial water, we follow ref. 22 and evaluate a local density map n(x, y) of relative water density in a thin slab proximal to the surface. Graphical representation, in the form of contour plots, illustrating how water is spatially distributed in the proximal layer is obtained by calculating the time-averaged number of water molecules in a grid of 195 cells laterally distributed over the surface and then converting this digital data into a continuous density distribution n(x,y) by means of Gaussian interpolation (22) . In Fig. 5 , we present unnormalized density distributions for which relative densities can be directly compared. We use a linear scale in representing the data. Fig . 5 shows n(x, y) for four surfaces of different polarity, with polarity varying within the column. The first and second columns are the distributions using a slab of width ␦z ϭ 0.217 nm, and ␦z ϭ 0.267 nm, respectively. The regularly located darkest blue spots in each panel correspond to the sites where the surface oxygen in each SiO 4 group protrudes from the wall. Thus, these sites on the wall are dry by steric exclusion at positions z closest to the wall. These are also the sites where the surface partial charges are located.
Focusing on the variation within each column of Fig. 5 , we see, first, that the water closest to the wall preferentially occupies the threefold sites between oxygen atoms in every case, as expected. However, as we move from the p 0 surface (first row) to the Ϫ2p 0 surface (fourth row), we observe that the values of n(x, y) decrease notably in these regions, reaching a minimum for the case of Ϫp 0 . The effect of inverting the dipole orientation is clearly to destabilize water molecule occupation of the sites between the SiO 4 groups. Comparing n(x, y) for the apolar surface (second row) and the Ϫp 0 surface shows that inverting the dipole direction makes the surface slightly drier than completely eliminating surface polarity, in agreement with the enhanced hydrophobicity observed in the contact angle. Increasing the magnitude of this reversed polarity only partially recovers the level of hydration seen for the ϩp 0 case. Comparing the distributions in the two columns of Fig. 5 shows that as we increase the slab width (range of water included), the observations made in the previous paragraph persist, although they become somewhat less pronounced.
Discussion and Conclusions
As noted above, the shape of the patterned atomic surfaces leads, by itself, to a preference for the solvent to orient with a net inward-pointing OH bond at the surface (see Fig. 3 ). With the introduction of modest positive charges on the outermost atomic layer, the electrostatic forces with the water are not only insufficient to ''wet'' the threefold sites (that are well solvated for hydroxylated silica and for the ϩp 0 cases), but the solvent is, in fact, mildly repelled from the surface. The overall result is a polar surface that is more hydrophobic than the apolar surface, and one that has a minimal net solvent polarization at the interface.
Another measure of hydrophobicity can be seen when nanoscale hydrophobic surfaces approach closely; liquid water can be expelled from the region between the surfaces (21, 25) . In ref. 21 , we observed that for two apolar hydrophobic nanoscale plates, with the same atomic structure as those considered here, evaporation indeed takes place at a critical OЈ-OЈ separation between plates of Ϸ0.67 nm at T ϭ 300 K and zero pressure. One might ask if the ''polar hydrophobic'' surface exhibits the same loss of wetting, as implied by the other measures reported here. We have carried out corresponding calculations for systems using two identical polar hydrophobic plates, the surface dipole being Ϫ2p 0 or Ϫp 0. In both cases, we observe evaporation at the same OЈ-OЈ separation between plates of Ϸ0.67 nm (see SI).
Our work suggests that by careful coupling of substrate polarity and topography, it is possible to obtain substantial enhancements of surface hydrophobicity. In the present case, water's tendency to maintain the integrity of its hydrogen bond network results in a localized density depletion in the threefold coordinated sites located between surface oxygen atoms. Substantial enhancement of this depletion results upon imparting mild positive charges onto the protruding sites. If such a surface could be chemically realized, its hydrophobicity could be further enhanced by patterning with micrometer-scale roughness. Such patterning across multiple length scales, ranging from atomiclevel control of chemistry to mesoscopic control of topography, could become a powerful tool in the design of surfaces with carefully engineered hydrophobicity/hydrophilicity. Clearly, the present findings are specific to the type of surface considered here. Further work is required before general principles emerge that can guide chemists, biologists, engineers and materials scientists in the rational design of surfaces with controllable water-repelling or water-attracting properties.
Methods
We perform molecular dynamics (MD) simulations of two different systems: (i) a water droplet in contact with a periodically infinite wall, and (ii) two finite-size nanoscale plates immersed in bulk water. Water molecules are modeled using the SPC/E (32) water model and long range interactions are treated using the Ewald sum technique (33, 34) . The temperature is fixed at T ϭ 300 K and is controlled using the Berendsen thermostat (35) .
To measure water contact angles, we considered a cubic system of side length L ϭ 13.86 nm adjacent to a wall of dimensions L x L and of thickness 0.866 nm. The system is periodic along the two long axes of the wall and so is effectively infinite). † Contact angle simulations are run in the NVT ensemble. For a given surface, we start the simulations with an equilibrated cubic (edge length 4.66 nm) liquid configuration (T ϭ 300 K, N ϭ 3375) in contact with the wall. Simulations are run for 500 ps. The cubic water configuration evolves rapidly into a drop-like profile (16, 29, 36 -39) and the last part of the simulation (Ϸ300 ps), during which the drop shape is stable, is used to calculate the average drop profile and water contact angle. Details of this analysis method are given in ref. 23 . We considered atomistic structured walls, described in detail in refs. [21] [22] [23] 26 . We considered silica walls composed of four layers of SiO2, reproducing the structure of the (1.1.1) octahedral face of ␤-cristobalite (40). The surface not in contact with the droplet is always completely apolar. The Si and O atoms are located in fixed positions. All atoms of the wall interact with the water molecule oxygen atoms via the LennardJones potential. Only the Si and O at the wall surface are charged, and † The silica nanoscale plates are composed by SiO4 tetrahedra with dimensions ⌬x ϭ 0.2475 nm and ⌬y ϭ 0.2143 nm, respectively. With these dimensions, it is not possible to design a silica surface that is (i) square, and (ii) periodic along both x and y axis. To solve this problem for the simulations of a droplet in contact with an ''infinite'' wall, we stretched the tetrahedra along the y-axis so ⌬y 3 ⌬y ϭ 0.2166 nm. Such a small dilation would not alter any of the previous results of refs. 21-23. therefore, interact with the water molecule atoms via Coulombic interactions. The wall atom-water interaction parameters are given in ref. 21 .
To measure the orientational angle distribution of water next to a given surface and to test the formation of a vapor phase between nanoscale surfaces, we consider a cubic volume containing N ϭ 3375 water molecules where periodic boundary conditions apply along the three dimensions. Two finite-size plates of dimensions 3.215 ϫ 3.217 ϫ 0.866 nm 3 are immersed symmetrically about the center of the box, and parallel to each other. The plate chemistry is the same as the chemistry of the wall already described, except that, in this plate geometry case, the outer surfaces of the plates are always hydroxylated. The hydroxyl H atoms on the surface are able to move with fixed bond lengths and bond angles with each H atom of an OH group able to reorient in a circle. The hydration analysis is carried out for a plate (OЈ-OЈ) separation of 1.666 nm, so that the two interfacial hydration layers are essentially independent. Simulations are run in the NPT ensemble, the pressure being fixed at P ϭ 0 GPa using the Berendsen barostat (35) . The volume of the system fluctuates with a linear dimension that always exceeds 4.85 nm under the conditions investigated here.
Note Added in Proof. Recently Willard and Chandler (41) have demonstrated the ability of coarse-grained models to capture important characteristics of the interface between water and flat heterogeneous surfaces, including the spatial dependence of the interface width and of water density fluctuations on the patchy substrate.
